Background and Purpose-We sought to study the prognostic value of early 99m technetium-ethyl-cysteinate-dimer single-photon emission CT (
A pproximately 10% to 20% of patients with ischemic stroke die within the first 2 weeks as a result of ischemic brain edema, secondary parenchymal hemorrhage, or extracerebral disease. [1] [2] [3] [4] [5] [6] Improved general disease management may reduce mortality due to extracerebral causes (eg, stroke units, early rehabilitation) but cannot prevent cerebral death. 7 A hemispheric ischemic stroke may be fatal if a spaceoccupying middle cerebral artery (MCA) infarction with edema and later transtentorial herniation develops caused by embolic occlusion of the internal carotid artery or the MCA trunk in most instances. The mortality of this "malignant MCA infarction" under maximum conservative intensive care is Ϸ80%. 8 -10 Such types of stroke appear clinically with hemiplegia, increasing impairment of consciousness up to deep coma, and finally brain death. 9, 11 In the first few hours after stroke onset, stroke symptoms may be nonspecific with regard to the fatal prognosis; severe symptoms are usually absent the earlier the patient is admitted.
Reliable clinical predictors of death after ischemic stroke are unknown thus far. Only a few studies included data from the first 6 hours after stroke onset, [12] [13] [14] [15] and the findings are contradictory. 16, 17 Many studies did not differentiate between hemorrhagic and ischemic stroke 2, 18, 19 or were retrospective. 17, 20 Only a few attempts have been made to study the predictive value of imaging techniques for fatal ischemic brain edema. Von Kummer et al 21 observed in 53 patients with MCA trunk occlusion that a parenchymal hypoattenuation exceeding 50% of the MCA territory detected by CT within 6 hours of stroke onset has a sensitivity of 61% for fatal outcome. Specificity was 94%, and the positive predictive value was 85%. Moulin et al 22 evaluated CT scans within the first 14 hours of stroke onset but did not assess the predictive value of CT findings for fatal outcome. Prospective studies are lacking thus far.
Reliable information within the first few hours after the onset of symptoms about the prognosis of ischemic stroke is urgently required for 2 reasons: (1) Patients with extended ischemic edema may not benefit from neuroprotection or reperfusion therapy. Moreover, treatment attempts with thrombolysis or hypervolemic hemodilution may bear the risk of edema aggravation and secondary intracerebral hemorrhages. 6, 23, 24 (2) Specific but risky treatments such as decompressive hemicraniectomy, which may reduce mortality by 40%, [25] [26] [27] or mild hypothermia 28 seem to be more appropriate for these patients. If the diagnosis of malignant MCA infarction could be proved early, the patients would be transferred immediately to the intensive care unit or to special centers where decompressive hemicraniectomy can be performed.
Single-photon emission CT (SPECT) allows immediate determination of the size and extent of impaired cerebral blood flow after the onset of stroke. 29 -31 Using 99m Tc-hexamethylpropyleneamine oxime (HMPAO) SPECT, Limburg et al 32 showed that the initial flow deficit was closely correlated with early death from transtentorial herniation. Five patients with the largest flow deficits died within the first 6 days after stroke, whereas only 1 of 21 patients with smaller flow deficit died. These SPECT examinations were performed, however, within the first 24 hours after the onset of stroke symptoms. A few SPECT studies performed within 6 hours of stroke onset relied on small patient numbers and did not address the prediction of death after stroke. 29, [33] [34] [35] [36] These studies exclusively used the tracer 99m Tc-HMPAO, which assesses cerebral blood flow. By contrast, the tracer 99m Tc-ethyl-cysteinatedimer (ECD) reflects not only perfusion but also the metabolic status of the brain tissue and may be more specific for revealing the degree of irreversible brain lesions. [37] [38] [39] [40] In a study with a time window of 6 hours after the onset of symptoms, 99m Tc-ECD SPECT was used to obtain a clearer distinction between transient cerebral ischemia and ischemic infarction. 41 The goal of this prospective study was to ascertain the predictive value of 99m Tc-ECD SPECT for the development of fatal ischemic brain edema compared with the predictive value of CT and clinical findings in the setting of acute stroke within the first 6 hours of stroke onset.
Subjects and Methods
Between February 1996 and September 1997, 293 patients with ischemic stroke were admitted to our Neurological Critical Care Unit. One hundred eight of these patients (64 men, 44 women) who met the following inclusion and exclusion criteria were enrolled into this prospective study. The inclusion criteria were as follows: age 18 to 85 years; sudden onset of a focal neurological deficit in the territory of the MCA; first stroke; a Scandinavian Stroke Scale (SSS) score Ͻ40 points at the time of injection of 99m Tc-ECD; and SPECT and CT examination within 6 hours after the onset of symptoms. Patients were excluded if they had a vertebrobasilar stroke, if they had improved rapidly by the time of SPECT examination, or if the CT findings were inconsistent with focal ischemia in the MCA territory (eg, intracerebral hemorrhage).
Patients were treated after CT and injection of 99m Tc-ECD. Sixty-two patients received heparin intravenously to prevent secondary stroke by doubling the apparent activated partial thromboplastin time for Ն24 hours and generally until a cardiac embolism source had been safely ruled out. Thirty-nine patients were enrolled for an ongoing double-blind, placebo-controlled trial and were randomly treated with recombinant tissue plasminogen activator administered intravenously or placebo. These patients received heparin intravenously corresponding to the above criteria, but no earlier than 24 hours after the initiation of therapy and always after the exclusion of an intracerebral hemorrhage in the follow-up CT at 22 to 36 hours after the start of therapy. Seven patients were enrolled for an ongoing double-blind, placebo-controlled trial and were randomly treated with the neuroprotective agent lubeluzole administered intravenously or placebo. These patients were also treated with heparin administered intravenously. The investigators remained blinded to the treatment arms in these 2 trials. The study was approved by the local ethics committee.
99m Tc-ECD SPECT Analysis
Resting patients with their eyes open were injected with 400 MBq 99m Tc-ECD in a quiet, dimly lit room. After the injection of the radiopharmaceutical, the subjects were kept in the same condition for an additional 5 minutes. Imaging was started 10 to 15 minutes after injection. Photons were registered with the use of a brain-dedicated SPECT camera (Ceraspect, DSI) with 3 rotating parallel hole collimators. The spatial resolution obtained with the system is Ϸ7 mm. Within 20 minutes (360°rotation, 120 projections), 1 to 1.5 million counts were collected in a 128ϫ128ϫ64 matrix. The data were reconstructed by standard filtered back projection with a 2-dimensional Butterworth filter (cutoff 0.95, order 10). Images were corrected for attenuation by Chang's first order method (attenuation coefficient ϭ0.15 cm
Ϫ1
). For reorientation, the transverse slices were inclined 15°to the canthomeatal line, corresponding to the stereotaxic system of coordinates of Talairach and Tournoux. 42 The addition of 4 contiguous slices each resulted in a slice thickness of 6.8 mm (corresponding to the spatial resolution of the system).
SPECT data were analyzed both (1) visually and (2) semiquantitatively with region of interest (ROI) analysis. Visual analysis was based on brain slices in 3 plane orientations (coronal, sagittal, and transverse). Images were assessed in terms of (1) the extent of the activity deficit in the territory of the MCA (no activity deficit; Ͻ33%; 33% to 66%; 66% to 99%; complete MCA territory) and (2) the pattern of the activity deficits in comparison to the contralateral region (no right-left difference; small difference; marked difference; and complete lack of activity). On the basis of these observations, the prognosis was estimated with regard to survival versus malignant MCA infarction/death (activity deficit of the complete MCA territory). Although the investigators knew the side of neurological deficit, they were blinded to the severity of the neurological symptoms (SSS) on admission and the outcome of the patients.
For semiquantitative ROI analysis, 5 transverse and 3 coronal slices were selected at predefined distances from the commissura anterior-commissura posterior line (transverse slices: Talairach coordinates ϭ Ϫ20 mm, ϩ1, ϩ8, ϩ21, ϩ34 mm) and from the line perpendicular to the commissura anterior-commissura posterior line cutting the commissura anterior (coronal slices: Talairach coordinates ϭ ϩ5, Ϫ16, Ϫ37 mm) respectively. In these 8 slices, 88 ROIs were generated with a commercial program (Ceraspect, DSI) and were assigned to anatomic structures according to the stereotaxic atlas. 42 Count densities of ROIs of the symptomatic hemisphere were related to those of the corresponding contralateral regions and classified as abnormal if a deficit was Ͼ10% (ratio Յ0.90), in agreement with widely accepted standards. 29, 43 In accordance with Hanson et al, 29 we also used the SPECT graded scale, a measure of the intensity and spatial extent of activity deficits. Each ROI was given a score of 0 to 9, whereby 0 indicated a ratio Ն0.91, 1 indicated a ratio of 0.81 to 0.90 (corresponding to 81% to 90% activity compared with the contralateral side), 2 indicated a ratio of 0.71 to 0.80, etc. The scores for all individual ROIs were added to produce the SPECT graded scale.
CT Analysis
Nonenhanced cranial CT scans (Siemens, Somatom Plus S) were obtained immediately after admission within 6 hours of onset of symptoms. A second CT scan was obtained after 24 to 36 hours and a third after 7Ϯ2 days or after clinical deterioration. Patients with normal second CT and no neurological deficit after 24 hours did not undergo a third CT scan.
The admission CT scans were analyzed by an experienced external neuroradiologist (R. von K.) blinded to the severity of the neurological symptoms (SSS) on admission, the outcome of the patients, and the SPECT findings. He categorized the size of parenchymal hypoattenuation in the territory of the MCA (no hypoattenuation; Ͻ33%; 33% to 66%; 66% to 99%; complete MCA territory) and predicted fatal brain edema if the hypoattenuation completely covered the MCA territory.
Clinical Investigations and Follow-Up
The SSS score (46 points maximum; without gait) was determined immediately before the injection of 99m Tc-ECD, 24Ϯ2 hours after the onset of symptoms, and after 7Ϯ1 days. In particular, history of hypertension, atrial fibrillation, an impaired level of consciousness (somnolent, stuporous, comatose), and conjugate gaze deviation were registered on admission.
After 30 days, 78 patients underwent a follow-up clinical examination. Concerning the remaining 30 patients, telephone contact was established with them, their relatives, or, alternatively, with the hospitals or rehabilitation centers caring for them to find out whether the patient was still alive.
After 3 months, the Modified Rankin Scale 44 (0 to 6) and the Barthel Index 45 (0 to 100 points) were performed. Seventy-four patients were personally examined; the other 34 patients or their next of kin were contacted by telephone.
All patients who died during the period covered by the study were classified on the basis of the clinical findings, the course of disease, and the CT scans as either neurological death (malignant MCA infarction was defined as MCA infarction that caused mass effect and fatal midbrain herniation) or nonneurological death. Patients with malignant MCA infarction and a secondary nonneurological complication (eg, pneumonia, sepsis, cardiac arrest) were classified under the category of neurological death if they were still comatose at the time of nonneurological complication.
Two groups of patients were formed: those who died because of their stroke (neurological death) and those who were still alive 3 months after stroke or died a nonneurological death.
Statistical Analysis
Clinical data, SPECT, and CT findings of both groups were compared with the Mann-Whitney U test as well as Student's t test for unpaired data based on a level of significance of 0.05. Intraobserver variability of visual SPECT analysis was calculated with the Kendall W test after repeated analysis of 40 studies. Interobserver variability of visual analysis was calculated with the Kendall W test after we compared the scores of 3 independent observers. The sensitivity, specificity, and accuracy of clinical and radiological findings for neurological death and the relative risk of neurological death associated with these findings were calculated for visual SPECT analysis, semiquantitative SPECT analysis, CT analysis, and clinical parameters after cutoff values were defined for the parameters with the help of corresponding scatterplots. To identify independent parameters for differentiation between neurological death and survival/nonneurological death, logistic regression was performed with stepwise forward and backward selection of variables with Wald's test and the statistical software SPSS. Logistic regression analysis was first performed on each of the following variables: age, history of hypertension, atrial fibrillation, neurological findings, and SPECT and CT parameters. Significant risk factors at PϽ0.05 were than entered into a final logistic model. Proportions are presented with the limits of the 95% CI taken from the Ciba-Geigy tables. 46 
Results

Clinical Findings
The patients' average age was 65Ϯ13 years, and the mean SSS score on admission was 30Ϯ8 points (95% CI, 8 to 39 points). On average, the CT and SPECT examinations were performed 4Ϯ2 hours after the onset of symptoms.
At 90 days after stroke, 13 (12%) of the 108 patients had died. The cause of death was neurological in 11 patients (10%); 2 patients suffered a nonneurological death. One of these patients was a 76-year-old man with a moderate infarction (33% to 66% of the MCA territory) who died from cardiac arrest on day 9 after stroke, while the other was a 76-year-old woman who also suffered a moderate infarction (33% to 66% of the MCA territory) and died on pneumonia on day 46 after stroke.
Of the 11 patients with neurological death, a 68-year-old male patient with an initially moderate infarction (33% to 66% of the MCA territory) suffered from a recurrent stroke 4 days later, with MCA infarction and secondary parenchymal hemorrhage causing death 3 days later.
Ten patients died from a complete MCA infarction with mass effect and midbrain herniation (malignant MCA infarction). Three of these 10 patients also had severe extracerebral complications (pneumonia, sepsis, cardiac arrest). Four patients also had a secondary parenchymal hemorrhage. These patients were part of a double-blind, placebo-controlled trial and were treated randomly with recombinant tissue plasminogen activator or placebo. Seven of 10 patients died within 10 days. Two patients who underwent hemicraniectomy died on days 21 and 28 without ever regaining consciousness (Table 1) .
Ninety-five of 108 patients survived their stroke. After 3 months they had an average Barthel Index of 79Ϯ28 points. Forty-two patients (39%) had a Modified Rankin Scale score of 0 to 1; 27 patients (25%) had a score of 2 to 3; and 26 patients (24%) had a score of 4 to 5.
Univariate analyses found an association between neurological death and SSS score on admission Ͻ27 points, an impaired level of consciousness and conjugate gaze deviation on admission, and a right-sided stroke. The sensitivity and specificity of the clinical findings for fatal outcome varied from 36% to 73% and from 45% to 88%, respectively (Table 2) .
SPECT Findings
A technically satisfactory SPECT scan was obtained from all 108 patients. Interobserver variability of the visual SPECT analysis was 2.0% (Wϭ0.97, PϽ0.001), and intraobserver variability of the visual scoring (nϭ40) was 3.4% (Wϭ0.95, Pϭ0.003). In the visual SPECT analysis, 9 of 11 patients with neurological death had an activity deficit covering the complete MCA territory and were prognosticated to suffer a malignant MCA infarction/death ( Table 1 ). The remaining patients had an activity deficit in 33% to 66% of the MCA territory and were predicted to survive. One patient later suffered a parenchymal hemorrhage (Ͼ30% of the infarcted area), and it remained uncertain whether death was caused solely by the intracerebral hemorrhage or the MCA infarction. The second patient had a recurrent stroke with parenchymal hemorrhage. Two of 97 surviving patients or patients with nonneurological death had an activity deficit of the entire MCA territory and were predicted to die from malignant MCA infarction. Both patients survived with a subtotal (66% to 99%) MCA infarction subsequently assessed by CT.
In the semiquantitative SPECT analysis, 9 of 11 patients with neurological death had a SPECT graded scale Ͼ140, whereas 96 of 97 surviving patients or patients with nonneurological death had a SPECT graded scale Յ140.
Independent risk factors for neurological death were an activity deficit of the complete MCA territory and a SPECT graded scale Ͼ140. The sensitivity of admission SPECT for neurological death was 82% (95% CI, 48% to 98%) in visual and semiquantitative analysis, while specificity was 98% (95% CI, 93% to 100%) and 99% (95% CI, 94% to 100%), respectively ( Table 2) .
CT Findings
The follow-up CT scans showed 85 patients with an infarction; the remaining 23 patients had a normal CT. Four of 11 patients with neurological death had a parenchymal hypoattenuation of the entire MCA territory on the baseline CT on admission. It was predicted that they would develop malignant MCA infarction and die.
All 97 surviving patients and patients with nonneurological death were predicted to survive; they had either no hypodensity or parenchymal hypodensity of Ͻ66% of the MCA territory. The specificity of the baseline CT for fatal outcome was 100% (96% to 100%), whereas the sensitivity was only 36% (11% to 69%) ( Table 2) .
Comparison of the Predictive Value of Clinical, CT, and SPECT Parameters Regarding the Prognosis of Malignant MCA Infarction/Death
The only independent parameters for differentiation between neurological death and survival in the final logistic regression analysis were an activity deficit of the complete MCA territory in the visual SPECT analysis on admission (relative risk for neurological death, 40; 95% CI, 10 to 161) and a SPECT graded scale Ͼ140 in the semiquantitative SPECT analysis (relative risk for neurological death, 79; 95% CI, 11 to 569) ( Table 2) .
Discussion
This prospective study was designed to assess the predictive value of SPECT for early mortality due to cerebral causes in the setting of acute ischemic stroke within the first 6 hours of onset of symptoms. Our patients did not differ from the general stroke population with respect to age or admission neurological status. The overall outcome is remarkably similar to that known for the natural history of this disease. 3, 6 Among various clinical variables and CT and SPECT findings, the visually analyzed 99m Tc-ECD SPECT (activity deficit of the complete MCA territory) and the SPECT graded scale (Ͼ140) were the only independent predictors for early neurological death. The sensitivity of SPECT for neurological death was 82% (95% CI, 48% to 98%) and seems clearly superior to CT, which had a sensitivity of only 36% (95% CI, 11% to 69%). Because of the rather small number of neurological deaths, the 95% CIs overlap, and we cannot really prove the superiority of SPECT over CT in this regard. The same is true in comparison to the other variables that showed a significant association with early neurological death in univariate tests.
The SPECT observation of an activity deficit of the complete MCA territory was a highly specific finding pre- 
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dicting neurological death; it was more specific than the clinical findings and as specific as CT. With 2 exceptions, all patients with activity deficits that were less than complete either survived or died of extracerebral causes. The clinical course of these 2 patients with incomplete activity deficit was complicated by recurrent stroke and brain hemorrhage, which may have contributed to fatality after the SPECT examination was done.
In the whole series of 108 patients, only 2 patients with malignant MCA infarction underwent decompressive hemicraniectomy. Both patients died. Since these patients already showed signs of brain stem compression (unilateral pupillary dilatation), the operation may have been performed too late.
In our study, SPECT examinations lasted Ϸ20 to 30 minutes. Visual assessment took no longer than 1 to 2 minutes. Since the waiting time for the main laboratory tests takes Ϸ30 to 40 minutes, both CT and SPECT can be performed without any significant delay. Moreover, the SPECT scanning time could easily be reduced for visual analysis (which is sufficient in acute situations), which would save even more time.
There are few SPECT data on its predictive value for poor outcome in the setting of acute ischemic stroke within 6 hours of onset of symptoms. Giubilei et al 33 showed in 32 patients with hemispheric stroke a 92% (95% CI, 62% to 99%) positive predictive value of severe regional cerebral blood flow impairment measured with 99m Tc-HMPAO SPECT for poor outcome (death or severe disability), whereas the positive predictive value of a severe neurological deficit on admission was 78% (95% CI, 56% to 93%). The 99m Tc-HMPAO SPECT studies by Shimosegawa et al 35 (1994; 39 patients), Ueda et al 34 (1994; 20 patients) , and Alexandrov et al 36 (1995; 30 patients) provided no data regarding early mortality. The only SPECT study to address this question that we are aware of had a time window of 24 hours 32 (26 patients; [ 201 Tl]diethyldithiocarbamate SPECT). All 5 patients with the largest flow deficits died within the first 6 days after stroke, whereas only 1 patient died of 21 patients with smaller flow deficits. The SPECT graded scale in our semiquantitative SPECT analysis is a combination of the size and extent of ischemia and had a high sensitivity and specificity to predict malignant MCA infarction/death. This confirms the results of Hanson et al, 29 who also found a strong association between the severity of ischemia (SPECT graded scale) on the initial SPECT scan and poor long-term outcome (Barthel Index), albeit among just 15 patients examined within 6 hours.
The cerebral uptake of 99m Tc-ECD reflects not only perfusion but also the metabolic status of brain tissue and correlates with the cerebral metabolic rate of oxygen. 47, 48 The retention of 99m Tc-ECD requires the presence of cytosolic esterase, which in turn depends on the viability of cells. The complete activity deficit of the whole MCA territory thus may indicate not only low blood flow but also a metabolic breakdown and ongoing irreversible tissue damage. This is supported by our observation that no patient with such a large activity deficit showed reperfusion, in contrast to Baird et al, 49 who found reperfusion using 99m Tc-HMPAO SPECT in some of their patients.
In contrast to SPECT, CT detects ischemic edema that causes a decrease in x-ray attenuation. 50 Ischemic edema occurs in brain areas of severe perfusion deficit Ͻ10 to 15 mL/100 g per minute. In animal models of MCA occlusion, the net water uptake after MCA occlusion is 2.3% in 4 hours. 50, 51 According to von Kummer and Weber, 50 it takes Ϸ2 to 3 hours until the drop in x-ray attenuation becomes visible on CT scans after MCA occlusion under experimental conditions. This explains the low sensitivity but high specificity of CT in comparison to SPECT. Plain CT does not detect perfusion but the sequelae of low perfusion if a state of edema, which means irreversible tissue damage, has developed. Hypoattenuation of the entire MCA territory, which was 100% (95% CI, 96% to 100%) specific for early cerebral death, was detected by CT within the first 2 hours in 2 patients and at 3 and 5 hours in the other 2 patients in this study. We presume that parenchymal hypoattenuation on CT scans detected earlier than 2 hours after stroke onset means a more severe ischemic damage causing earlier brain edema. In 7 patients who died from cerebral death, CT showed parenchymal hypodensity in less than one third of the MCA territory. Thus, CT does not exclude the possibility of an extended and severe perfusion deficit even if it is normal or shows only small areas of subtle hypoattenuation. 15 This was recently confirmed by Grond et al. 52 The initial stages of parenchymal hypodensity on CT scans are very subtle and sometimes difficult to detect. Interrater agreement is moderate even among experienced readers. 53 It was shown that parenchymal hypodensity is a reliable sign of irreversible brain tissue damage. 12, 15, 22, 54 We could not identify clinical variables as independent predictors for early cerebral death after ischemic stroke. Censori et al 12 found among 172 patients with ischemic stroke admitted within 6 hours only a Canadian Neurological Scale score Ͻ6.5 at entry and atrial fibrillation associated with a significant handicap or death after 30 days. A similar situation was encountered by Fiorelli et al, 14 who studied 300 patients with ischemic stroke admitted within 6 hours after the onset of symptoms. Patients older than 70 years and with a Canadian Neurological Scale score Յ4.5 had a high risk of death or disablement 4 months after the stroke. The smaller the time window between the onset of symptoms and clinical examination, the smaller was the predictive value of clinical parameters. This is explained by the time required for the development of brain edema and increase of intracranial pressure and subsequent disturbances of consciousness or complete hemiparesis in hemispheric strokes. Conversely, the more time that passes, the more precise the prognostic reliability of a clinical score becomes, but this is of little help in the acute situation.
In summary, we were able to identify patients with malignant MCA infarction who later died from midbrain incarceration with high sensitivity and specificity by using 99m Tc-ECD SPECT within 6 hours of the onset of symptoms. Both visual SPECT analysis (which is simple, quick, and reliable to perform) and semiquantitative ROI analysis had a high predictive value. We found that the CT finding of parenchymal hypoattenuation of the entire MCA territory is 100% specific for fatal ischemic edema, but CT may miss patients at this risk because of its low sensitivity in this regard. Using 99m Tc-ECD SPECT, we can identify patients with a fatal risk from hemispheric stroke within the first few hours after the onset of symptoms, and we can immediately initiate treatment that may be specific for the increasing intracranial pressure, such as early decompressive hemicraniectomy and hypothermia.
